Commitment of the germ cell lineage during embryogenesis depends on zygotic gene expression in mammals, but little is known about the signaling molecules required for germ cell formation. Here we show that the intracellular signaling molecule SMAD1, acting downstream of bone morphogenetic protein (BMP) receptors, is required for the commitment of germ cell lineage from epiblast in early mouse embryos. Smad1 homozygous mutant embryos (Smad1 2 /2) were generated by in-frame insertion of lacZ gene into an exon of the Smad1 gene. Most of the Smad1 2 /2 embryos contained no primordial germ cells (PGCs) and had short allantois, while histological analysis and in situ hybridization for the mesoderm marker genes revealed that early mesoderm induction was normal in those embryos. Smad1 expression was observed in epiblast and in visceral endoderm during gastrulation, while only a few alkaline phosphatase-positive PGCs at 7.5 and 8.5 days post coitum (E7.5 and E8.5) expressed Smad1. Phosphorylated SMAD proteins were localized in the proximal region of epiblast at E6.0-6.5, where the progenitors of PGCs and of allantois reside. Single-cell reverse transcription-polymerase chain reaction analysis revealed that the expression of Smad1, -5 and -8 were sporadic and mutually independent in proximal epiblast cells. We also found that BMP4-induced differentiation of PGCs from epiblast in vitro was fully dependent on the existence of phosphorylated SMAD1. These results indicate that SMAD1 signaling possesses a critical and non-redundant function in the initial commitment of the germ cell lineage. q
Introduction
In mammals, the differentiation of primordial germ cells (PGCs) depends on zygotic gene expression during embryogenesis, which is quite different from PGC formation in many other species such as Caenorhabditis elegans, Drosophila and Xenopus, in which maternal factors in oocytes determine the germ cell lineage. Murine PGCs are first morphologically detectable in the base of the allantois in embryos at E7.25 as the cells characteristically stained for alkaline phosphatase activity (Ginsburg et al., 1990; MacGregor et al., 1995) . Lawson et al. examined the fates of epiblast cells by clonal analysis of lysinated rhodamine dextran (LRDX) marked cells and revealed that common precursors of PGCs and extraembryonic mesoderm are located in the extremely proximal region of the epiblast. (Lawson and Hage, 1994) . Transplantation analysis has further revealed that genetically marked distal epiblast cells of early streak stage embryos, which would not normally differentiate to PGCs, are able to give rise to PGCs and extraembryonic mesoderm when transferred into the proximal region of the epiblast (Tam and Zhou, 1996) . In addition, analysis of PGC formation in primary culture of explanted embryos clearly revealed that interactions between extraembryonic ectoderm and epiblast induced the conditions required for PGC determination in the proximal epiblast (Yoshimizu et al., 2001 ). These results suggest that the commitment of germ cell lineage does not occur in the early streak embryo and that factors limited in the proximal epiblast of pre-and early gastrulating embryos play critical roles in germ cell determination. Until recently, Mechanisms of Development 118 (2002) [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] 0925-4773/02/$ -see front matter q 2002 Elsevier Science Ireland Ltd. All rights reserved. PII: S 0925-4773(02)00237-X www.elsevier.com/locate/modo the molecular mechanisms for the induction of PGCs in the specific environment of the proximal epiblast were unknown, although it was speculated that putative morphogens might commit germ cell lineage. Recently, bone morphogenetic protein (BMP) 4 and BMP8b, soluble factors belonging to the transforming growth factor (TGF)-b superfamily, were revealed to be involved in PGC formation through targeted mutagenesis in mice (Lawson et al., 1999; Ying et al., 2000) . Bmp4 homozygous mutant (Bmp4 2 /2) embryos on some genetic backgrounds develop up to somite stages but they lack PGCs and allantois. In addition, the number of PGCs was reduced in Bmp4 heterozygous mutant (Bmp4 1 /2) embryos although they otherwise normally developed to adult stage (Lawson et al., 1999) . Similarly, Bmp8b homozygous mutant (Bmp8b 2 /2) embryos on a largely C57BL/6 background were found to lack PGCs and had a smaller allantois than wild-type embryos (Ying et al., 2000) . Bmp4 and Bmp8b were expressed specifically in extraembryonic ectoderm of embryo between pregastrula and gastrula stage, and chimera analysis with mutant embryos and normal ES cells showed that the expression of Bmp4 in the extraembryonic ectoderm is essential for PGC formation. Taken together, these results indicate that BMP4 and BMP8b proteins derived from the extraembryonic ectoderm initially commit cell population in the proximal region of the epiblast to the germ cell lineage as well as to extraembryonic mesoderm including allantois.
SMAD proteins are signal mediators downstream of receptors for TGFb superfamily and, to date, consist of nine members in vertebrates (reviewed in Kawabata et al., 1998; Wrana and Attisano, 1996; Heldin et al., 1997; Massague and Wotton, 1998) . The SMAD proteins can be functionally classified into three groups: the pathway specific SMADs, SMAD1, -2, -3, -5, -8 and -9; the common activator SMAD, SMAD4; and inhibitory SMADs, SMAD6 and SMAD7. The pathway specific SMADs are directly phosphorylated by TGFb receptor family on a conserved SSXS motif in their C-terminal region, then they associate with the common activator SMAD, translocate into nuclei, and activate target genes (Hoodless et al., 1996; Liu et al., 1996; Kretzschmar et al., 1997) . To elucidate functions of SMAD1 signaling in mouse development, we have generated Smad1 deficient mice by targeted insertion of the lacZ gene into the Smad1 gene. Smad1 2 /2 embryos died between 10.5 and 11.5 days of gestation due to defects in development of various tissues, including mesenchymal tissue and heart (Kobayashi et al., in preparation; Tremblay et al., 2001) . Although functions of BMP4 and BMP8b proteins in the development of PGCs have been reported, little is known about the intracellular signaling that regulates commitment of germ cells (Chang and Matzuk, 2001) . For this reason, we have focused on PGC development in Smad1 2 /2 embryos and have found that SMAD1 signaling is essential for the commitment of germ cell lineage from the proximal region of the epiblast.
Results

Targeted mutagenesis of Smad1 gene
Target mutagenesis of Smad1 gene and generation of Smad1 deficient mice will be described elsewhere (Kobayashi et al., in preparation) . Briefly, the genes encoding Smad1 were disrupted in E14 ES cells by insertion of lacZ gene (Fig. 1A ). The precise insertion of the targeting vector in Smad1 allele was confirmed by Southern blot analysis (data not shown). Reverse transcription-polymerase chain reaction (RT-PCR) analysis revealed that the expression of the Smad1 gene was completely converted into that of the lacZ gene in Smad1 2 /2 embryo (Fig. 1B) . These embryos were used for all analyses shown hereafter.
PGC development in Smad1 2 /2 embryos
To examine the development of PGCs in the Smad1 2 /2 embryo, embryos from intercrosses of Smad1 heterozygous mutant (Smad1 1 /2) mice on a mixed genetic background of C57BL/6, 129Sv and DBA/2 were stained for alkaline phosphatase activity (AP staining). PGCs are known to strongly express tissue non-specific alkaline phosphatase (Ginsburg et al., 1990; MacGregor et al., 1995) . AP staining of the histological section of Smad1 2 /2 embryos at E7.25 showed a lack of PGCs which normally first emerge in the base of the allantoic bud ( Fig. 2A,B) . Also, AP staining analysis of whole embryos revealed that there were no PGC in Smad1 2 /2 embryos at E7.5, although normal numbers of PGCs were observed at the base of the allantois in wild-type littermates (Fig. 2C,D) . At early somite stage, PGCs were not detectable in 19 of 21 (90.5%), Smad1 2 /2 embryos ( Fig. 2E,F) , but a few PGC-like cells, which were weakly stained by AP staining, were detectable in two of 21 (9.5%) embryos (Table 1 ). The number of PGCs in Smad1 1 /2 embryos was slightly less than that of wildtype embryos, but the difference was not statistically significant (P . 0:1) ( Table 1 ). These results indicate that SMAD1 signaling plays a critical role in PGC formation and the effect of SMAD1 dosage on PGC development is negligible. The latter is in contrast to the cases of Bmp4 1 / 2 and Smad5 1 /2 embryos in which the number of PGCs was significantly reduced (Lawson et al., 1999; Chang and Matzuk, 2001 ).
2.3. Development of allantois and mesoderm in Smad1 2 / 2 embryos As PGCs and allantois share common precursors residing in a similar region of the proximal epiblast (Lawson and Hage, 1994) , and Bmp4, Alk3 and BmprII are essential for mesoderm induction (Winnier et al., 1995; Mishina et al., 1995; Beppu et al., 2000) , we next investigated allantois development and mesoderm formation in Smad1 2 /2 embryos. The allantois was formed but its development was delayed in all Smad1 2 /2 embryos (Fig. 3B ,D) than wild-type embryos (Fig. 3A ,C) to various extents within a litter. There was no difference between Smad1 1 /2 and wild-type embryos (data not shown). The phenotypic variation might depend on the genetic background, because the most severe developmental defects of the Smad1 2 /2 embryos were observed as the backcrossing with a C57BL/6 strain preceded further (data not shown). A similar dependency of phenotype on genetic background was reported in Bmp8b 2 /2 embryos (Ying et al., 2000) .
To assess the early mesoderm induction in Smad1 2 /2 embryos at E6.5-6.75, we examined the expression of mesodermal marker genes, T (Brachyury) (Wilkinson et Fig. 4 . Smad1 expression in the early mouse embryos. Whole-mount (A-F) and sections (G-L) of Smad1 1 /2 embryos stained for b-galactosidase activity between the pregastrulation and head fold stage. Mostly ubiquitous expression of Smad1 gene is detected in epiblast (ep) and visceral endoderm (ve) but not in extraembryonic ectoderm (xe) at pregastrulation stage (A,G,H). A junction of epiblast and extraembryonic ectoderm is shown by an arrowhead. As gastrulation proceeds, Smad1 expression is observed in embryonic mesoderm (em) and in extraembryonic mesoderm (xm) at early-streak (I), mid-streak (B,J) and latestreak stage (C). After formation of the exocoelom, Smad1 expression is observed in the proximal region of embryonic mesoderm and the base of allantois at early bud (D,K) and neural plate (E) stages and is localized in posterior region of embryonic mesoderm at head fold stage (F,L). al, allantois. Scale bar: 100 mm. Herrmann, 1991) , Hnf-3b (Ang and Rossant, 1994) and goosecoid (Blum et al., 1992) , by in situ hybridization. T (Brachyury) gene expression in Smad1 2 /2 embryos was somewhat weaker than, but extended to anterior equally well to, wild-type embryos (Fig. 3E ). Hnf-3b transcripts were localized at the anterior primitive streak at comparable levels in Smad1 2 /2 and wild-type embryos (Fig. 3F) . Also, there is no difference in goosecoid expression between Smad1 2 /2 and wild-type embryos (Fig.  3G) . In our results, we did not detect a pronounced twisting of epiblast due to overgrowth of visceral endoderm in Smad1 2 /2 embryos at this stage as described by previous report (Tremblay et al., 2001) . The formation of the exocoelomic cavity, organization of the embryonic mesoderm and structure of the visceral yolk sac were almost normal in Smad1 2 /2 embryos at E7.0-7.5 (data not shown), although, as development proceeded, some embryos delayed development of the mesoderm, particularly of the posterior region of the embryonic mesoderm, and the visceral yolk sac ( Fig. 3D ; data not shown). These observations suggest that induction of mesoderm and its early differentiation at E6.5-6.75 are mostly normal in Smad1 2 /2 embryos, although Smad1 2 /2 embryos died between E10.5 and E11.5 due to the abnormality of mesenchymal tissues derived from mesoderm. This is contrast to the cases of Alk3 and BmprII deficient mice, which develop little or no mesoderm (Mishina et al., 1995; Beppu et al., 2000) ,
Expression patterns of Smad1 in mouse embryos
We next examined the spatial and temporal expression pattern of the Smad1 gene during embryogenesis. Expression of the Smad1 gene in the Smad1 1 /2 embryos between E3.5 and E8.0 was monitored by the expression of lacZ gene inserted in the Smad1 locus. Smad1 expression was not detected in the blastocyst (data not shown). Smad1 expression was first detectable in the epiblast and visceral endoderm of pregastrula embryos (Fig. 4A,G,H) . Following the onset of gastrulation, high levels of Smad1 expression were detected in the mesoderm emerged on side of the primitive streak after gastrulation (Fig. 4B,I ,J). As gastrulation proceeds, Smad1 expression was detected in embryonic and extraembryonic mesoderm spreading to the anterior region (Fig. 4C,K) and then was localized in the proximal embryonic mesoderm and at the base of allantois at early bud and neural plate stages (Fig. 4D,E) . As embryos developed to the head fold stage at E8.0, Smad1 expression was localized in posterior region of embryonic mesoderm and in allantois (Fig. 4F,L) . Notably, embryonic tissues expressing Smad1 largely overlapped with the region where PGCs or their precursors reside.
Simultaneous staining for b-galactosidase and AP staining revealed that close to 40% of PGCs express the Smad1 gene in embryos at early bud stage when PGCs are first identified by AP staining (Fig. 4M,P) . As PGCs proliferate in the head fold stage embryos, the proportion of PGCs expressing Smad1 decreased to 3.5%, whereas the number of PGC increased ( Fig. 4N,P) . At the early somite stage, PGCs migrating among the hindgut endoderm showed only faint expression of Smad1 ( Fig. 4O,P) . In summary, Smad1 expression is observed in the epiblast at the gastrula stage embryo where the precursors of PGCs reside, but is no longer expressed in most of PGCs at the early somite stage. Although it remained the suspected possibility that the enzyme activity of b-galactosidase is left over from earlier expression in the epiblast, these findings indicate that SMAD1 signaling is involved in the commitment of germ cell lineage from epiblast during gastrulation rather than in the proliferation and maintenance of established PGCs.
2.5. Smad1 expression and SMAD1/5/8 phosphorylation in pregastrula and gastrula embryo SMADs are activated by receptor-mediated phosphorylation (Persson et al., 1998; Faure et al., 2000; Kurata et al., 2000) . To examine whether SMAD proteins actually function to transmit signals from BMP receptors in epiblast, embryos were stained with PS1 antibody that specifically recognizes the phosphorylated forms of SMAD1, -5 and -8. The phosphorylated SMAD proteins were localized in the proximal region of the epiblast and in the visceral endoderm of pregastrula embryos (Fig. 5A,B) . During gastrulation, phosphorylated SMADs still existed in the proximal region of the epiblast, but no longer in the visceral endoderm (Fig.  5C-F) . As gastrulation proceeded, high levels of phosphorylated SMADs were detected in the mesodermal cells emerging on the side of the primitive streak (data not shown). As described above, expression of lacZ gene was found in not only the proximal but also the distal epiblast and in the visceral endoderm throughout gastrulation (Fig. 4G,H) . In addition, we found expression of the BMP receptors, Alk3 and BmprII, in epiblasts of the gastrula embryo by RT-PCR analysis (data not shown). These results suggest that BMPs produced in the neighboring extraembryonic ectoderm diffuse into the epiblast and activate SMAD in cells in the epiblast in a gradient fashion. Fig. 6 . Smad1 2 /2 epiblasts failed to differentiate into PGCs in vitro. (A) Epiblasts separated from extraembryonic ectoderm were cultured with the indicated concentration of recombinant human BMP4 or with extraembryonic ectoderm (1EE). PGCs stained for AP activity, emerged from the epiblasts when cultured with recombinant human BMP4 at 100 ng/ml or 500 ng/ml, or with the extraembryonic ectoderm (arrowheads). (B) Epiblasts derived from Smad1 1 /2 intercross were separated from extraembryonic ectoderms and cultured with recombinant human BMP4 at 500 ng/ml. PGCs emerged from Smad1 1 /1 and 1/ 2, but not 2/2, epiblasts (arrowheads). 
Functional requirement for Smad1 in PGC development
To confirm the functional requirement for Smad1 gene in the development of PGCs from the epiblast, we have developed an in vitro culture system reproducing the differentiation of PGCs from the epiblast of pregastrula embryo at E5.5-5.75 according to a previous report (Yoshimizu et al., 2001) . In this in vitro culture condition, epiblasts cultured with extraembryonic ectoderm produced AP-positive PGCs after 4days (Fig. 6A, 1EE) , but epiblasts from which the extraembryonic ectoderms were cut off did not (Fig. 6A) . The epiblast free of extraembryonic ectoderm did produce PGCs upon addition of recombinant human BMP4 in the culture in a dose dependent manner (Fig. 6A,C) . The average number of PGCs from epiblasts cultured with extraembryonic ectoderm was comparable to that of the epiblasts cultured with recombinant human BMP4 at 100ng/ml (Fig.  6C) . Treatment of wild-type epiblasts with 500ng/ml recombinant human BMP4 gave rise to more PGCs (Fig. 6A,C ) and induced phosphorylation of SMAD proteins more strongly (Fig. 6E ) than those seen in cultured epiblasts with extraembryonic ectoderm. Nevertheless, the same amount of recombinant human BMP4 induced no PGCs from the Smad1 2 /2 epiblast (Fig. 6B,D) . In the Smad1 2 /2 epiblast, SMAD proteins except SMAD1, presumably SMAD5 and SMAD8, were phosphorylated by the treatment with 500 ng/ml recombinant human BMP4 to a comparable level in the wild-type epiblast cultured with extraembryonic ectoderm (Fig. 6E) . This indicates that fully phosphorylated SMAD5 or SMAD8 proteins could not compensate the function of SMAD1 protein to induce the development of PGCs. These results indicate that the phosphorylation of SMAD1 has a unique and indispensable role in germ cell lineage commitment.
To ascertain the functional non-redundancy of Smad1 in the PGC development, we examined the expression of Smad1, -5 and -8 mRNA by RT-PCR in single cells from proximal epiblast at E6.25 of normal embryo (Fig.  7A) . Interestingly, the pattern of the expressions was heterogeneous in the proximal epiblast cells (Fig. 7B) . Some cells express one of the Smad genes and other cells express two of the three simultaneously (Fig. 7B) . One-fourth of the cells expressed only Smad1, and 13% expressed only Smad5. Cells expressing only Smad8 or two of the Smad genes were less than 5%, and none of the 44 cells co-expressed all of the three Smad genes. In about half (47.7%) of epiblast cells, expression of the Smad gene was not detected (Fig. 7C) . Immunohistochemical staining of Smad1 2 /2 embryos using PS1 antibody revealed that phosphorylated SMAD proteins were still localized in the proximal region of epiblast in Smad1 2 / 2 embryo (Fig. 7E) , although the amount of the phosphorylated SMAD proteins appear to be significantly less than that of wild-type embryo (Fig. 7D) . These findings indicates that a critical condition for initial commitment to germ cell lineage is not only location in epiblast but also expression of Smad1 and may be co-expression of Smad1 with Smad5 or 8.
Discussion
Previous fate mapping studies have revealed that germ cell lineage commitment depends on the location of the cells in the proximal region of epiblast adjacent to the extraembryonic ectoderm (Lawson and Hage, 1994) . This led to an assumption of the presence of a morphogen for PGC formation, which is produced in the extraembryonic ectoderm. Bmp4 and Bmp8b expressed in the extraembryonic ectoderm were identified as possible morphogens for PGC formation by targeted mutagenesis in mice. PGCs were completely absent and greatly reduced in Bmp4 2 /2 and Bmp8b 2 /2 embryos, respectively (Lawson et al., 1999; Ying et al., 2000) . Taken together, these observations have suggested that the BMPs are distributed in a gradual concentration from the proximal to distal region of epiblast, and that the BMPs in concentration above a certain thresh- Fig. 7 . RT-PCR analysis for the expression of Smad1, -5 and -8 in single cells from proximal region of epiblast at E6.25. (A) Single cell suspension was perpetrated and used for cDNA synthesis as described in Section 4. PCR was carried out in two rounds using the nested primers. (B) RT-PCR analysis for the expression of Smad1, -5, -8 and Oct-3/4 in epiblast cells. Oct-3/4 transcript serves as a control for cDNA synthesis from the single epiblast cells (Scholer et al., 1990) . Reverse transcriptase was not added in the negative control (NC). As a positive control (PC), cDNA was synthesized from about 50 epiblast cells. (C) Columns represent the percentage of the cells (n ¼ 44) expressing Smad1, -5, -8 or a combination of them as denoted below the columns. Neg, no expression of the three Smad genes. (D,E) Amount of the phosphorylated SMAD proteins in wild-type (D) and Smad1 2 /2 (E) embryos at E6.25. Phosphorylated SMAD proteins in a Smad1 2 /2 embryo (E, arrowhead) were localized in the proximal region of epiblast as in the wild-type embryo (D, arrowhead). The amount of phosphorylated SMAD proteins was less than that of the wild-type embryo.
old are necessary for epiblast cells to commit to the germ cell lineage (Lawson et al., 1999) .
Here, we show that PGC development was severely blocked in Smad1 2 /2 embryos. Smad1 was expressed in epiblast and in visceral endoderm of pregastrula and gastrula embryos (Fig. 4G-I ), while phosphorylated SMAD proteins were localized in the proximal region of the epiblast previously shown to contain precursors of the PGCs (Fig. 5A-F) . Thus, BMP4 and BMP8b proteins provided from extraembryonic ectoderm may phosphorylate SMAD proteins in epiblast cells, and consequently, epiblast cells acquiring SMAD (SMAD1 as well as SMAD5 as described later) activation above a certain threshold may induce the expression of a particular set of genes involved in commitment of the germ cell lineage. It is likely that different sets of genes may be induced at different concentrations of BMPs as described in previous reports (Dosch et al., 1997; Wilson et al., 1997) , and the highest level of SMAD1 and SMAD5 activation which occurs in proximal epiblast may be necessary for germ cell commitment. On the other hand, double staining for b-galactosidase and AP activity revealed that most of PGCs no longer express Smad1 after E7.5 ( Fig. 4N-P) , suggesting that Smad1 function may not be important for later differentiation and proliferation of PGCs.
The PGC number was not significantly different between Smad1 1 /2 and wild-type embryos ( Table 1 ), suggesting that a 2-fold difference in Smad1 expression is not a limiting factor for PGC formation. In contrast, a recent report indicated fewer PGCs or a complete lack of PGCs in Smad5 2 / 2 embryos (Chang and Matzuk, 2001 ) and a reduced number of PGCs even in Smad5 1 /2 embryos, suggesting that level of SMAD5 activation is limiting and its quantity may be involved in setting the threshold, together with the concentration of BMPs. In addition to this quantitative difference, our result showed that the phosphorylated SMAD5 and/or SMAD8 were still localized in proximal epiblast of Smad1 2 /2 embryos (Fig. 7E) . Furthermore, no PGCs differentiated from Smad1 2 /2 epiblasts cultured even with high concentration of recombinant human BMP4. SMAD5 and/or SMAD8 proteins were, however, phosphorylated in the Smad1 2 /2 embryo in this condition to a comparable level to wild-type embryos cultured with extraembryonic ectoderm (Fig. 6E) , suggesting that among SMAD proteins SMAD1 has a unique and indispensable role for PGCs development. The functional distinction between Smad1 and Smad5 was previously reported not only in a case of mouse embryo (Tremblay et al., 2001 ), but also in cases of zebrafish embryogenesis (Dick et al., 1999; Muller et al., 1999) and of chick embryo gastrulation (Gont and Lough, 2000) as well as in their DNA-binding property (Li et al., 2001) , although SMAD1 has 95% amino acid sequence homology with SMAD5.
PGCs and extraembryonic mesoderm share common precursors in epiblasts and PGCs first emerge in extraembryonic mesoderm, suggesting that PGCs differentiate as a part of mesoderm. Smad1 was strongly expressed in mesoderm emerging on the side of the primitive streak during gastrulation (Fig. 4B,J) , suggesting that Smad1 also functions in early mesoderm differentiation. Our histological analysis and in situ hybridization analysis for the expression of mesoderm marker genes in Smad1 2 /2 embryos, however, revealed that mesoderm induction and gastrulation was initiated normally in Smad1 2 /2 embryos (Fig.  3E-G) . This suggests that the intrinsic cellular process in epiblast for the initial differentiation to mesoderm occurred normally in our Smad1 2 /2 embryos, and that PGCs and mesoderm formation have a distinct requirement for SMAD proteins. Possible distinct mechanisms of PGC development and mesoderm induction have also been suggested by the phenotype of the edd mutant embryos in which PGC formation occurs while gastrulation fails to progress (Faust et al., 1995) . In addition, it has been reported that the expression of mesoderm maker genes was not detectable in cultured epiblasts while PGCs developed in the same epiblasts (Yoshimizu et al., 2001) . This is further supported by the evidence that none of PGCs and allantois developed in Bmp4 2 /2 embryos irrespective of the genetic background, although the phenotypic abnormality of the extraembryonic mesoderm development varied depending on the genetic background (Winnier et al., 1995; Lawson et al., 1999) .
While we were preparing this manuscript, it was published that Smad1 2 /2 embryos at E9.0-9.5 had few PGCs. They also showed reduced T expression and a pronounced twisting of epiblast and mesoderm tissue due to the overgrowth of the visceral endoderm at E7.0 (Tremblay et al., 2001) . Irregular expression pattern of the expression of T, fgf ( fibroblast growth factor) 8, and fgf3 due to disrupted proximal-distal (PD) axis was also caused by overgrowth of visceral endoderm, although the expression levels of these genes other than T were comparable to that of wild-type embryos. In contrast, our Smad1 2 /2 embryos showed no apparent developmental defects in visceral endoderm and early mesoderm formed at E6.5-6.75 ( Fig. 3E-G ; data not shown). Our results of in situ hybridization revealed that the expression levels and patterns of Hnf-3b and goosecoid in Smad1 2 /2 embryos were not different from those of wild-type embryos (Fig. 3E,F ). The only sign of possible abnormality in mesoderm induction is weaker T expression than that in wild-type embryos (Fig. 3G ). The differences between our results and the previous report in the phenotype of mesoderm induction may be due to genetic background or/and transient event observed at E7.0 (Tremblay et al., 2001) . On the other hand, both reported the low level of T expression in the mutant embryos, suggesting that Smad1 may be involved in the up-regulation of T expression during gastrulation regardless of the genetic background. This is supported by a previous report that SIP1, which interacts with the MH2 domain of receptor-regulated SMADs, binds to the Xenopus brachyury (T ) gene promoter (Verschueren et al., 1999) .
The importance of SMAD1 signaling for the early steps of PGC formation has now been clear, but it remains unclear why very small number of PGCs (about eight cells) first emerges before E7.25, though the proximal epiblast contains much more cells. Our results showed that Smad1, -5 and -8 were sporadically and mutually independently expressed in proximal epiblast cells. As a result, only few cells co-express two of the Smad genes. These findings have led us to assume that co-expression of Smad1 and Smad5 or Smad8 is critical for commitment of epiblast to germ cell lineage in addition to the location of the cells in epiblast.
Experimental procedures
Targeted disruption of Smad1 gene
Target mutagenesis of Smad1 gene in E14 ES cells and generation of Smad1 mutant mice will be described elsewhere (Kobayashi et al., in preparation) . Briefly, the targeting vector was designed to delete the linker region as well as downstream MH1 domain including an SSXS motif, a site phosphorylated by type I Ser/Thr kinase receptors and necessary for SMAD1 activation. A 20 kb DNA fragment containing an exon 3 of Smad1 was isolated from a mouse genomic DNA library. An 8.6 kb KpnI-SmaI fragment containing a part of exon 3 and a 1.0 kb EcoRI-SpeI fragment were used as 5 0 long arm and 3 0 short arm, respectively. A 3.5 kb portion of lacZ gene was inserted in-frame into exon 3.
RT-PCR analysis
mRNAs was extracted from E7.5 embryos derived from Smad1 1 /2 intercrosses. The mRNA was reverse transcribed into cDNA by standard methods using Superscript II (Gibco BRL). PCR was performed to amplify the cDNA forSmad1, lacZ and Gapdh with the primers as follows: 
Mouse strain
All mice used for the analysis of PGC development were maintained on a mixed genetic background (129/Ola, C57BL/6 and DBA/2): the founder Smad1 1 /2 mice (129/Ola X C57BL/6) were mated with BDF1 (C57BL/6 X DBA/2), and the resultant Smad1 1 /2 offspring were intercrossed. For the analysis of Smad1 expression by Xgal staining, the Smad1 1 /2 male mice on a mixed genetic background (129/svEv, C57BL/6 and DBA/2) were mated with ICR females.
Genotyping of embryo and mice
To determine genotypes of embryos and mice, the genomic DNAs were extracted from the yolk sac separated from deciduas and Reichert's membrane and tail, respectively, as described (Blim and Starfford, 1976) . The DNAs were subjected to PCR: for amplification of the mutant Smad1 allele, 5 0 primer (5 0 -TGA CTC TGC AGG ATC ATG GC) and 3 0 primer (5 0 -TGG ATG TGG AAT GTG TGC GA, a sequence in PGK promoter) were used, and for amplification of wild-type allele, the same 5 0 primer as above and 3 0 primer (5 0 -CTT CGG AAA TTG AAG GGT GG) were used. The PCR was performed under the following conditions: 94 8C for 30 s, 64 8C for 1 min, 72 8C for 1 min, 35 cycles. A 1 kb fragment was amplified from both wild-type and mutant alleles.
Detection and counting PGCs
PGCs were detected by AP staining (Lawson et al., 1999) . For whole-mount staining of PGCs, embryos at E7.5 and E8.5 were separated from yolk sac, and were fixed in 4% paraformaldehyde in PBS (pH7.4) for 1 h at 4 8C. The embryos were washed three times with PBS and then were treated with 70% ethanol for at least 1 h at 4 8C. After washing three times with distilled water, the embryos were stained with a-naphthyl phosphate/fast red TR for 13-15 min at room temperature. The embryos were washed three times with PBS and were cleared in 70% glycerol. The number of PGCs was counted under a microscope.
For staining PGCs in a section, embryos at E7.25 embryos were fixed, washed and dehydrated as above. After treatment with 70% ethanol, the embryos were washed with cold 96% ethanol and were infiltrated with cold glycol methacrylate (Technovit 8100) for 1 h. The resin was polymerized at 4 8C for at least 4 h. The embedded embryo was sectioned at 8 mm and was stained for AP activity in solution as above for 20-30 min. PGCs were identified as the cells containing the densely staining APpositive cytoplasmic spot.
X-gal staining
Smad1 1 /2 embryos were fixed in 2% paraformaldehyde and 0.2% glutaraldehyde in PBS at 4 8C for 1 h. After washing three times with PBS, the embryos were transferred into X-gal solution (0.1% X-gal, 0.1% Triton X-100, 1 mM MgCl 2 , 3 mM K 4 [Fe(CN) 6 ] and 3 mM K 3 [Fe(CN) 6 ] in PBS) and were stained at 37 8C for 2-3 h (whole mount) or 8 h (section). For combined X-gal and AP staining, after X-gal staining as above, the embryos were dehydrated, embedded in Technovit 8100, sectioned and stained for AP activity as above.
In situ hybridization
Whole-mount in situ hybridization analysis using dioxigenin-labeled probe was performed as described (Wilkinson, 1992) . RNA probes were as described: T (Brachyury) (Wilkinson et al., 1990; Herrmann, 1991) , Hnf-3b (Ang and Rossant, 1994) and goosecoid (Blum et al., 1992) . Yolk sacs separated from embryos before the whole-mount in situ hybridization were used to determine the genotype of each embryo. At least five mutant embryos were assessed for each analysis.
Immunohistochemistry
Immunohistochemistry with PS-1 antibody was performed as described (Kurata et al., 2000) . After the staining, some embryos were dehydrated, embedded and sectioned as above. At least five mutant embryos were assessed for each developmental stage.
In vitro culture of epiblast
Epiblast with or without extraembryonic ectoderm was cultured on confluent STO feeder cells as described (Yoshimizu et al., 2001) . STO cells seeded onto 96-well culture plate to 70-80% confluence were mitotically inactivated with medium containing 10 mg/ml mitomycin C (MMC) for 3 h, washed twice with PBS and maintained in DMEM supplemented with 10% FBS. Epiblasts were isolated as described (Hogan, 1994) . Each epiblast was co-cultured with the MMC-treated STO feeder cells in each well of 96-well culture plate in DMEM supplemented with 15% FBS and recombinant human BMP4 at various concentrations for 96 h. Then, the cells in each well were subjected to AP staining for detection of PGCs as described above. On the basis of characteristic staining and morphology, PGCs emerging around epiblast masses were counted in each well.
RT-PCR analysis of single cells
Epiblast without extraembryonic ectoderm was obtained at E6.5. Single cell suspension of epiblast free of extraembryonic ectoderm was prepared by trypsin treatment. Single cells picked up by glass capillary were immediately transferred to reaction buffer for cDNA synthesis (1 £ 1st-strand buffer, 10 mM DTT, 20 U RNase inhibitor, 25 mM Oligo(dT), 0.5 mM dNTP and 0.1% NP40, Invitrogen). After incubation at 65 8C, reverse transcriptase (Superscript II, Invitrogen) was added to reaction buffer and incubated at 42 8C for 1 h. A quarter (5 ml) of the reaction was subject to cDNA amplification by two rounds of PCR. The following primers were used simultaneously in one reaction for the first round of PCR (50 ml 
